ABSTRACT
important agricultural crops, medicinal plants and spices. The Solanaceae family includes a number of commonly collected or cultivated species. The most economically important genus of the family is Solanum, which contains potato (S. tuberosum), tomato (S. lycopersicum) and eggplant (or aubergine, S. melongena). Some individuals from different cultures eat nightshade as a staple of their diet. Many members of the Solanaceae family contain potent alkaloids (e.g. solanines), which may also be highly toxic. The biological activities of solanines vary among different compositions of sugar. In our study, we used a new aldo-sugar labeling kit to enhance the LC and MS signals of sugar for food analysis.
MATERIALS AND METHODS
Food samples and reagents: Sugar samples and 2,5-dihydroxybenzoic acid (2,5-DHB) were purchased from Sigma-Aldrich Co., Llc. (Louisiana, MI). Beverages made by various brands of food companies were purchased from convenience stores. Fresh potatoes and tomatoes were obtained from the supermarkets in Taipei City, Taiwan. The NAIM kit used in this study was provided by Sugarlighter Co., Inc. (New Taipei City, Taiwan). Methyl alcohol, ethyl acetate and deuterium solvents were purchased from Merck & Co., Inc. (Darmstadt, Germany). All chemicals were analytical grade and used without further purification. Double distilled water (dd-H 2 O) and buffer solution were used throughout HPLC analysis.
Free glycan released from solanine: The plant material (10 g) was lyophilized and ground for homogenization. In a typical procedure for the release of free solanine from plant tissue, the dried plant material (0.1 g) was extracted using water/methanol (3.0 mL; 1:2 v/v) with vortexing in a glass tube and at room temperature for 2 h. The resulting solution was dried in a SpeedVac, followed by an acid-catalyzed procedure used to release glycan from solanine. Afterwards, aqueous hydrochloride solution (0.2 mm, 2.0 mL) was added to the above extract, and the mixture was incubated for 16 h at room temperature. The resulting aqueous solution was lyophilized, and subjected to the fluorescent labeling experiment. The released glycan in the solanine hydrolysate was subsequently labeled with NAIM in order to instill the fluorescent derivative. The reaction was completed in 4 h at room temperature as indicated by the TLC analysis, with the mixture then being directly measured by ESI-MS.
Labeling glycan to fluorescent NAIM derivative: The lyophilized sugar mixture was directly labeled with NAIM kit following the published procedure [8, 9] . The sugar mixture was briefly added to 2,3-naphthalenediamine (1.0 mg) and iodine (0.5 mg) in AcOH (1.0 mL) at room temperature. The mixture was stirred for 4 h to complete the reaction, as indicated by the TLC analysis. The mixture was diluted by 20 times of mobile phase, and 10 µL aliquot of sample solution was taken for HPLC analysis. Additionally, the standard curves of sugars (fructose, sucrose, glucose, galactose, lactose and maltose) in HPLC analysis for characterization of the concentrations of sugars in the samples was weighed in 1.0 mg of monosaccharide or 2.0 mg of disaccharide for NAIM labeling in acetic acid (1.0 mL) with NAIM labeling kit. After the reaction was complete (4 h), the residue was diluted with 20 times of the mobile phase (ammonium formate, 50 mm, pH 5.0, containing 30% of MeOH). The prepared solution (10 µL, 3.0 nmol) was directly analyzed by HPLC. No further purification was needed before analysis.
HPLC analysis: A LaChrom Elite HPLC (Hitachi, Japan) system equipped with ultraviolet (UV) and refractive index (RI) detectors were used for HPLC analysis. UV absorption at 310 nm or fluorescence at 360 nm emission (by 320 nm excitation) was used for detection. The aboveprepared NAIM-labeled aldoses were analyzed by chromatography on a C18 column (4.6 mm × 250 mm). The mobile phase was 50 mm NH 4 HCO 2 /CH 3 CN containing 30% of MeOH at a flow rate of 0.8 mL/min. The aldo-NAIM peaks were identified by comparison with the standards such as Glc-NAIM, Gal-NAIM, Lacto-NAIM and Malto-NAIM.
MALDI-TOF MS analysis:
The MALDI-TOFMS spectra were acquired on an Ultraflex II MALDI-TOF/TOF mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany). Typically, spectra were obtained by accumulating 800-1000 laser shots for quantitation. Laser power was fixed at 35% and the pulsed ion extraction was adjusted at 250 ns. The mass range (m/z) was 600-2100 Da, with the ion charge z = 1. 2,5-DHB being used as the matrix.
LC-MS analysis:
The NanoLC-ESI-FTMS experiments were used to monitor solanines and glycan-NAIMs. The experiments were performed on a LTQ Orbitrap XL ETD mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with a nanoelectrospray ion source (New Objective, Inc.); the Accela LC system was also used (Thermo Fisher Scientific, San Jose, CA).
The sample solution (5 µL) was injected at 10 µL/min flow rate onto a self-packed pre-column (150 µm I.D. × 30 mm, 5 µm, 200 Å). Chromatographic separation was performed on a self-packed reversed phase C18 nano-column (75 µm I.D. × 200 mm, 2.5 µm, 90 Å), using 0.1% formic acid in water as mobile phase A and 0.1% formic acid in 80% acetonitrile as mobile phase B operated at 300 nL/min flow rate with gradients from 10% to 40% of mobile phase B. A full-scan MS condition was applied with mass range m/z 320-4000, resolution 60,000 at m/z 400. Electrospray voltage was maintained at 1.8 kV and capillary temperature was set at 200 o C. All nanoLC-ESI-
FTMS was converted to [M + H]
+ by using Xtract (Thermo Fisher Scientific, San Jose, CA) and all MS spectra were combined to single spectrum.
NMR analysis:
The NMR spectra were recorded on a Bruker AV600 MHz NMR spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) with a 5 mm Dual cryoprobe DCI 1 H/ 13 C.
Deuterium oxide (D2O) was used as solvent during the NMR experiment. The quantification of sugars was based upon the integral areas.
RESULTS

Characterization of six common sugars in beverages:
Initially, we set the standard curves of sugars (fructose, sucrose, glucose, galactose, lactose and maltose) in HPLC analysis for characterization of the concentrations of sugars in the samples. The NAIM kit used in our study only tagged aldose at the reducing end. Therefore, the NAIM derivatives of lactose, glucose, galactose and maltose are shown using a UV detector ( Figure 1A ). Lacto-NAIM, Glc-NAIM, Gal-NAIM and Malto-NAIM were eluted out sequentially with retention times of 18.5, 19.9, 20.4 and 22.0 min, respectively, on a C18 HPLC column. When the sample contains keto-sugar (fructose) and non-reducing sugar (sucrose) together with aldose-NAIMs, the peaks are shown by using isocratic mobile phase and RI detector ( Figure 1B ). Although RI could be used to monitor six common sugars, including fructose and sucrose, higher concentration (> 1.0 µmol) of analyte was required than using UV detector. The new aldo-NAIM method was applied to examine the composition of six common sugars in beverages (Table 1) . Five types of beverages in Taiwan, including fruit juice, yogurt, coffee drink, milk tea and flavored milk, were examined. In the fruit juice group (entries 1-3), the grape juice contained 40% fructose and 60% glucose, whereas orange juice and fruit C contained significant amounts of enriched sucrose, 70% and 35%
respectively. These results suggest that different fruits may contain different types of sugars in various compositions. In the lactic acid bacteria fermentation products (entries 4-6), yogurt A (original flavor) contains 56% of glucose and 39% of galactose without the addition of sucrose.
Yogurt B (light sweet) has 49% of sucrose additive, whereas the lactobacillus fermented beverage appears to have a high content (80%) of sucrose. Galactose was detected in yogurt A (entry 4), while yogurt B is enriched in glucose and galactose, which is generated by metabolism of lactose through bacteria fermentation (entry 5). It is notable that all of the tested samples of coffee (entries 7-9), milk tea (entries 10 and 11) and flavored milk (cocoa powder added, entry 12, and chocolate flavored, entry 13) appear to add high contents of sucrose to the original material and composition of the food products (e.g. black coffee or fresh milk). Except for milk tea B, other samples contain 6-16% of lactose, which may be accounted for milk. In certain cases, we also used nuclear magnetic resonance (NMR) analysis to confirm the composition and ratio of six common sugars in beverages. The results from both HPLC and NMR analyses are consistent.
Characterization of the solanine sugars isolated from the potato and tomato plants: MALDI
has been developed successfully as a soft ionization technique [13, 14] . The benefit of MALDI mass spectrometry for analysis of saccharides resulted predominantly from the formation of singly charged molecular ions, which led to a simple mass spectral analysis for glycans and glycosides.
In this study, the solanine samples extracted from the potato and tomato plants were measured by MALDI MS.
There are two major peaks at 853.0 and 869.0 Da from the potato sample ( Figure 2A Figure 3C ). This aldo-NAIM, along with the MS method, provides fragment ions of glycan for glycan compositional/structural determination from the released glycan of the plant.
DISCUSSION:
There are many studies involving the deriving of carbohydrates for analysis using chromatography, electrophoresis and mass spectrometry [16] . The predominant involved focusing on the reducing end labeling of sugars and the used reagents, including 2AB [17] , 2AP [18] , PMP [19] and etc. In our previous studies, we have demonstrated the use of NAIM tagged sugars in analyses of composition and D-/L-configurations [20] . In the present study, we investigated the composition of common sugars, such as glucose, galactose, lactose, maltose, fructose and sucrose, in beverages and foods. To the best of our knowledge, this is the first report indicating that the aldo-NAIM labeling method is truly useful for determining the sugar composition in drinks and foods. We further demonstrated that plant glycosides could be treated with orthonaphthalenediamine to form the fluorescent aldo-NAIMs, which not only assisted in LC separation for sugar identification [20] , but also enhanced the mass signaling in MALDI-TOF MS measurements [21] . For example, the potato and tomato from Solanaceae family were revealed to contain high percentages of trisaccharide Glc-Gal-Rha and tetrasaccharide HexNAc-HexdeoxyHex-Hex, respectively. Various sugar compositions of natural solanines were also detected by MALDI-TOF MS. In addition to containing alkaloid, varied sugar types and linkages associated with the solanines are also responsible for their biological activities. This study is useful for the structural identification of solanines, especially for the glycan structure. In the current study, only small amounts (0.1 g) of the raw material were required for the experiment to test the aldo-NAIM labeling method. The aldo-NAIM derivatization enables UV/vis and fluorescence detection, and significantly increases the mass intensity of the target carbohydrate molecules. The conventional method for determining glycosidic linkages via permethylation can also be performed by using the glycan-NAIM derivatives.
Accordingly, the glycan-NAIM derivatives have advantages in investigating the sequence of glycan from various plant glycosides using MS/MS technology. For example, purification of solanines from plants is both difficult and time consuming. We demonstrate in this study that the purification of plant extract is no longer needed before fluorescent labeling and mass analysis. Furthermore, we also utilize tandem mass (MS n ) and ESI MS technology to confirm the sequence of glycan (Figure 3) . It is noted that the solanines isolated from both potato and tomato contain 6-deoxy hexose and N-acetyl hexosamine. The presence of other glycosides or derivatives in Solanaceae plants, even in small amounts, may lead to interesting biological functions [22, 23] . There are relatively less solanine constituents in the tomato extract compared to that found in the potato, which contains different isomers. However, this difference is not statistically significant when using the same molar amount of samples in mass measurements. The assessment of solanine glycan in the tomato is still ongoing.
CONCLUSIONS
Our study demonstrates that the sugar composition in food products, including beverages and crop plants (potato and tomato), can be analyzed via the corresponding aldo-NAIM derivatives.
Labeling at the reducing end of aldoses is straightforward and efficient, using the iodine-promoted oxidative condensation with 2,3-naphthalenediamine to form the aldo-NAIM derivatives. The fluorescent aldo-NAIM derivatives of saccharides can be analyzed by HPLC on a reversed phase column with improved detection sensitivity. The hydrophobic property of NAIM moiety also enhances the ionization efficiency in MS experiments. This powerful tool is applicable in determining the sugar composition in beverages and dietary foods, in addition to identifying the glycan structures from plant glycosides.
Abbreviations: 2AB, 2-aminobenzamide; 2AP, 2-aminopyridine; ESI-MS/MS, electrospray ionization tandem mass spectrometry; Gal, galactose; Glc, glucose; Hex, hexose; HexNAc, Nacetyl hexosamine; HPLC, high performance liquid chromatography; Lacto, lactose; MALDI-TOF MS, matrix-assisted laser desorption/ionization time of flight mass spectrometry; Malto, maltose; NAIM, naphthylimidazole; PMP, 1-phenyl-3-methyl-5-pyrazolone; Rha, rhamnose; TLC, thin-layer chromatography.
